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Chapter 6
Critical Role of Mitochondrial Autophagy
in Cerebral Stroke

Pankaj Paliwal, Sairam Krishnamurthy, Gaurav Kumar,
and Ranjana Patnaik

Abstract Mitochondria supply energy to cells by generating ATP; thus it can be
considered as one of the essential organelles of the cell. For the efficient working of
cells, a good quality of mitochondria is essential; thus the elimination of injured or
nonfunctional mitochondria by means of mitophagy is a very important process for
cell function. Mitophagy showed a neuroprotective property in cerebral ischemia by
accurate labeling and entrapment of defective mitochondria into isolation mem-
branes. Then the entrapped mitochondria were digested by lysosomes. Therefore,
the regulation of mitophagy in ischemic brain injury may be used as a therapeutic
strategy to protect the neuron by the efficient removal of injured mitochondria.
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6.1 Introduction

Stroke main outcomes are sudden death or adult disability. Stroke may be ischemic
or hemorrhagic. Ischemic stroke alone accounts for 80% of the stroke. Inadequate
blood supply to the brain leads to ischemic stroke [1]. Based on the region of the
brain affected, ischemic stroke is of two types: global ischemic stroke and focal
ischemic stroke. In global ischemic stroke, the blood supply of the entire brain was
significantly reduced. However in focal ischemic stroke, the blood supply was
reduced in a particular region of the brain blood vessel. Loss of consciousness,
impaired voice, blurred vision, and numbness are the principal symptoms of cere-
bral ischemia. Due to the suppression of the blood flow during the ischemic
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condition in the brain, the level of the ATP was significantly reduced for a short
period of time. That leads to enormous cell death in susceptible regions. Therefore
cerebral blood flow is one of the crucial factors for regular functioning of the brain.
The damaged region of the ischemic brain which cannot be restored is known as the
ischemic core region; however we can restore the region surrounding the core
known as the penumbra if treatment is available at the right time. If we are able to
recover cerebral blood flow during cerebral ischemia, it limits the nerve cell death
in the penumbra region. Therapeutic strategy for ischemic brain injury involves
reperfusion and neuroprotection. Usually to restore blood flow in cerebral ischemia,
antithrombotic drug was administered as soon as possible. The antithrombotic drugs
are of three types based on their mechanism of action. Thrombolytic drugs (recom-
binant tissue plasminogen activator, streptokinase, etc.) break down an already
formed clot. Antiplatelet drugs (aspirin, clopidogrel, etc.) prevent the aggregation of
the platelet and limit the formation of a secondary clot. Anticoagulant drugs (hepa-
rin, warfarin, dabigatran, etc.) prevent the coagulation of the blood and prevent
secondary clot formation. The return of blood flow in the ischemic region leads to a
secondary injury known as reperfusion injury. To protect against reperfusion injury
and secure the penumbral region from further damage, neuroprotection is another
therapeutic approach [2]. But still, the use of recognized neuroprotective agents is
unclear in clinical studies.

During ischemic brain damage, the death of nerve cells is reported to have three
routes, i.e., necrotic, apoptotic, and autophagic cell death [3, 4]. In this chapter, we
have discussed the regulation of mitochondrial autophagy in cerebral ischemia.
Mitochondria supply energy to cells by generating ATP; thus it can be considered as
one of the essential organelles of the cell. For the efficient working of cells, a good
quality of mitochondria is essential; thus the elimination of injured or nonfunctional
mitochondria by means of mitophagy is a very important process for cell function.
A publication report stated that mitophagy protects nerve cell during stroke
condition.

6.2 Autophagy

The autophagy word was given by Christian De Duve [5, 6]. Autophagy is a destruc-
tive process which allows the degradation of old, damaged, or nonfunctional cyto-
plasmic material including proteins and organelle through the liposome’s catalytic
enzymes. Stress condition like starvation or ischemic event induces autophagy.
Autophagy regulates both cell survival and cell death [7]. Mitochondrial autophagy
is also known as mitophagy; it involves the selective removal of the mitochondria
from the cytoplasm of the cell. The mitophagy process in yeast resembles with
mammals [8]. The maintenance of good quality mitochondria is very important for
the survival of the brain cell as mitochondria have an extremely shorter life span
compared with neurons. Mitophagy regulation is found to be disturbed in nervous
system disorder including ischemic brain injury [9-14]. Upregulation of mitophagy
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enhances elimination of defected mitochondria and has a protective role in cerebral
ischemia [11].

6.3 Nonselective Autophagy and Mitophagy

Nonselective autophagy involves the hydrolysis of cytoplasmic contents, while
mitophagy involves selective mitochondrial content hydrolysis by liposome
through autolysosomes. Nonselective autophagy mainly occurs at the time of
nutrient deficiency. Nonselective autophagy involves the degradation of cytosolic
material including proteins and organelle to supply ATP. However mitophagy
involves selective degradation of damaged or nonfunctional mitochondria from the
cytoplasm [15].

6.4 Mitochondria Dynamics: Fission and Fusion
of Mitochondria

Mitochondria are the powerhouse of the cell as they are responsible for the genera-
tion of energy. Further mitochondria also supervise the programmed death of the
cell [16]. Since brain cells cannot store enough energy sources to perform their
function, therefore they carry numerous mitochondria in their cytoplasm. The shape
of the mitochondria changes according to the fission or fusion. Mitofusins control
mitochondrial fusion through the outer mitochondrial membranes. Mitofusins are of
two types: mitofusin 1 (Mfnl) and mitofusin 2 (Mfn2). Optic atrophy 1 (OPA1)
controls the fusion of the mitochondria through the inner mitochondria membranes
[16, 17]. Any impairment in the Mfn1, Mfn2, and OPA1 is responsible for the wide-
ranging mitochondrial fragmentation and loss of mitochondrial DNA [18, 19]. To
identify the role of fusion mediators in the early development of the embryo, a study
has been performed. This study showed that mice lacking these mediators of the
fusion die at an initial stage of fetus development, indicating that mitofusins and
optic atrophy 1 are very important in the early stage of embryo formation [18, 20].
Similarly another published report stated that a point mutation in mitofusins and
OPAL1 leads to severe nervous system disorder [21, 22].

Mitochondrial fission results in the splitting of mitochondria into two daughter
mitochondria. Regulation of mitochondria splitting is done by dynamin-related pro-
tein 1 (Drpl) and fission 1 protein (Fisl) [23]. During the period of the fission, the
Drpl is enrolled to the mitochondria to form the complex with the Fisl. This com-
plex is responsible for the split of the mitochondria [24, 25]. Mitochondrial fission
significantly decreases in Drpl-deficient cell; studies have shown lengthened mito-
chondria in the cell lacking Drpl [26]. Mitochondrial fusion and fission are greatly
affected by disease states. Reports are available showing that in pathological
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condition such as neurodegenerative disorders and brain trauma, there are imbal-
ances between fusion and fission events [27]. Furthermore, mitochondrial fission
mediates mitochondria-dependent cell death [26]. The discharge of pro-apoptotic
factors, such as cytochrome c from depolarized mitochondria into the cytosol, is
associated with Drpl-mediated fragmentation of the mitochondria which induced
apoptosis [23].

6.5 Molecular Mechanisms of Mitophagy

Mitophagy involves the removal of the selective mitochondria from the cytoplasm
of the cell. To remove the selective mitochondria from the cytoplasm, damaged or
nonfunctional mitochondria are tagged followed by the entrapment into the isola-
tion membrane and formation of autolysosomes.

The autophagy-related gene (Atg) regulates mitophagy through the autophagy-
related protein as per the metabolic demands of the cell. For example, Atg 32 pro-
tein helps in the initiation of the mitophagy, and Atg 8 protein is necessary for the
sealing of the mitochondria through a membrane in yeast. Another protein known as
Atgl1 is helpful in the sealing of the mitochondria by isolation membrane. Once the
mitochondria are sealed completely by the membrane in autophagosome, the sealed
mitochondria are fused with the liposomes which digest the defected
mitochondria.

During the differentiation of the red blood cell, mitophagy is responsible for the
removal of the red blood cell mitochondria. At the time of mitochondrial removal
from the red blood cell, the BNIP3L (NIX) expression increases on the outer mito-
chondrial membrane and has a WXXL-like motif which forms a linkage to LC3.
This complex generates the isolation membranes and forms autophagosomes and
fuses liposome to form autolysosome. The catalytic enzymes of the liposome hydro-
lyzed the mitochondrial content.

When mitochondria are injured and lose membrane potential, the PINK1 accu-
mulates and recruits the E3 ubiquitin ligase parkin from the cytosol particularly to
the damaged mitochondrion. Parkin promotes the binding of ubiquitinated sub-
strates such as MARF, Mfn1, Mfn2, and VDACI1 to the outer mitochondrial mem-
brane; p62 is recruited to the mitochondria, binding with the ubiquitinated
substrates and linking to LC3 to form an isolated membrane and then fuse with
lysosomes [15].

6.6 Mitophagy in Cerebral Ischemia

Adenosine monophosphate-activated protein kinase (AMPK), autophagy proteins
5-12 (Atg5-Atgl2), dynamin-related protein 1(DRP1), light chain 3 (LC3), mam-
malian target of rapamycin (mTOR), mitochondrial assembly regulatory factor
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Fig. 6.1 Showing the role of mitophagy mediators in cerebral ischemia

(MARF), mitofusins 1 and 2 (Mfnl, Mfn2), mycophenolate mofetil (MMF), p62/
SQSTM1/sequestosome-1 (p62), PTEN-induced putative kinase 1 (PINK1), ser-
ine/threonine-protein kinase (ULK1), voltage-dependent anion-channel 1
(VDACI) (Fig. 6.1).

Mitophagy involves selective removal of mitochondria from the cytoplasm by
liposomes. During ischemic event, there is shortage of blood supply to the brain.
Blood supplies oxygen and nutrient to the brain, and shortage of blood to the brain
event for a short period of 1-2 min causes severe shortage of ATP in the brain. This
causes formation of reactive oxygen species and leads to the mitochondrial mem-
brane’s potential depolarization. Reduction in ATP levels and accumulation of AMP
activate the AMPK. AMPK induces mitophagy by activating ULK1 (mTOR inhibit
ULK1). Further AMPK activates MFF to recruit DRP1 to induce mitochondrial fis-
sion and mitophagy. PINK1 is accumulated in the defective mitochondria triggering
the recruitment of the parkin. Parkin promotes binding of ubiquitinated substrates
such as MARF, Mfnl, Mfn2, and VDACI1 to the outer mitochondrial membrane.
p62 is recruited to the mitochondria, binding with ubiquitinated substrates and link-
ing to LC3 for the autophagic degradation. LC3 with Atg5—Atg1?2 forms autophago-
somes. Autophagosomes fuse with lysosomes to form the autolysosomes and
hydrolyze the mitochondrial contents. Rapamycin suppresses mTOR, defending the
rat brain from ischemic injury by upregulating mitophagy. Similarly Parkin and
Atg5 knockdown aggravates ischemia-induced neuronal cell death, indicating that
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upregulation of mitophagy is responsible for the protection of the brain cell from
ischemic brain injury [28, 30, 31].

6.7 Effect of Cerebral Ischemia in Mitochondrial Dynamic
Mediators

Ischemic event in the brain shifts the balance of the mitochondrial fission and fusion
toward the fission. Dynamin-related GTPases, i.e., Mfnl, Mfn2, and Opal, regulate
the mitochondrial fusion, while Fisl and Drpl regulate mitochondrial fission [12,
17, 24, 32]. Two daughter mitochondria are generated after fission. The daughter
mitochondria have altered membrane potential. These daughter mitochondria can-
not be fused and are more likely to be taken up by autophagosome due to their
smaller size and facilitate mitophagy [33]. Both mitochondrial fission and mitoph-
agy are beneficial, working together to eliminate damaged and depolarized mito-
chondria. A study revealed that the level of the mitochondrial fusion proteins Opal
and Mfn2 was significantly reduced in the condition of cerebral ischemia [34].
Further another recent study showed that Drpl protects against ischemic injury by
facilitating mitophagy [35] (Fig. 6.2).

Mitofusins Mfnl and Mfn2 (Mfnl, Mfn2), optic atrophy 1 (Opal), fission 1
protein (Fis1), dynamin-related protein 1 (Drpl)

Mitochondria continually going through cycles of fusion and fission

v
Cerebral 1schemic event imbalance mitochondrial fusion and fission towards fission
v

Fusionis mediated by Minl, 2 and Opal

l Opal and Mfn2 were significantly reduced
in cerebral 1schemia [34]

Fissionis regulated by Fisl and Drpl

l Drp-1 protects against ischemic injury by
facilitating mitophagy [35]

Fission generate two daughter mitochondria which cannot be fused and have
to be removed by mitophagy

|

Both mitochondrial fission and mitophagy are beneficial, working together to
eliminate damaged and depolarized mitochondria

Fig. 6.2 Showing the role of mitochondrial dynamic mediators in cerebral ischemia
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6.8 Mitophagy Regulation: An Anti-inflammation Approach
in Cerebral Ischemia

Defected mitochondria lead to the release of mitochondrial DNA and reactive oxy-
gen species (ROS) which in turn activate inflammasome [36]. The inflammasome is
responsible for the release of the pro-inflammatory marker such as cytokines inter-
leukin 1f and interleukin 18 which leads to programmed cell death due to inflam-
mation. The published report suggests that nuclear factor-kB avoids inflammasome
activation by regulating mitophagy to prevent inflammation [37]. Further, studies
confirmed that compound that sustains mitochondrial membrane potential intact
and inhibited NOD-like receptor (NLRP3) are found to decrease the injury related
to the ischemia in the brain [38].

6.9 Mitophagy Regulation: A Neuroprotective Approach
in Cerebral Ischemia

Rapamycin shows neuroprotection against cerebral ischemic reperfusion injury
through the activation of autophagy [39]. Similarly another recent study reported
that rapamycin promotes the L3-II and Beclin-1 that attenuate cerebral ischemia-
induced brain injury [14]. The proposed mechanism of action of rapamycin during
ischemia is through the increased expression of p62 in mitochondria [14]. Further
another compound, methylene blue, shows neuroprotection against cerebral
ischemia-reperfusion injury [40]. The exact mechanism of methylene blue is still
not known, but it is thought to augment mitophagy [41, 42].

6.10 Conclusion

Mitophagy involves the specific degradation of the damaged or nonfunctional mito-
chondria. Starvation, oxidative stress, or specific signals including mitochondrial
targeting of signaling proteins or modification of mitochondrial proteins induce
mitophagy. Since the clearance of the damaged or nonfunctional mitochondria is
essential to maintain the homeostasis of cells, the dysfunction of mitophagy is
closely related to cerebral diseases. Cerebral ischemic reperfusion injury activates
mitophagy. Therefore the regulation of the mitophagy pathway in cerebral ischemic
reperfusion injury to protect the nerve cells might be an effective strategy for the
treatment of stroke.
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